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Abstract 
It has been demonstrated that the switching of perpendicular magnetization can be achieved 
with spin orbit torque (SOT) at an ultrafast speed and low energy consumption. However, to 
make the switching deterministic, an undesirable magnetic field or unconventional device 
geometry is required to break the structure inverse symmetry. Here we propose a novel 
scheme for SOT-induced field-free deterministic switching of perpendicular magnetization. 
The proposed scheme can be implemented in a simple magnetic tunnel junction (MTJ) 
/heavy-metal system, without the need of complicated device structure. The perpendicular-
anisotropy MTJ is patterned into elliptical shape and misaligned with the axis of the heavy 
metal, so that the uniaxial shape anisotropy aids the magnetization switching. Furthermore, 
unlike the conventional switching scheme where the switched final magnetization state is 
dependent on the direction of the applied current, in our scheme the bipolar switching is 
implemented by choosing different current paths, which offers a new freedom for developing 
novel spintronics memories or logic devices. Through the macrospin simulation, we show 
that a wide operation window of the applied current pulse can be obtained in the proposed 
scheme. The precise control of pulse amplitude or pulse duration is not required. The 
influences of key parameters such as damping constant and field-like torque strength are 
discussed as well. 
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1. Introduction 
High-speed and energy-efficient switching mechanism of 
perpendicular magnetization is strongly desired in 
spintronics applications, as it could benefit the write 
performance of magnetic random access memories and spin 
logic devices [1-3]. Currently the most widely used 
mechanism is spin transfer torque (STT) [4-5], which, 
however, is suffering from several intrinsic drawbacks. For 
instance, the STT switching speed is limited by the 
incubation delay. In addition, the STT-based device is easily 
impaired as the switching current directly flows through a 
tunnel barrier. Recently an alternative mechanism called spin 
orbit torque (SOT) has been paid much attention as it can 
solve the above-mentioned drawbacks of the STT [6-12]. 
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Typically, the SOT is induced in a non-
magnetic/ferromagnetic/insulator (NM/FM/I) heterostructure, 
where the NM layer may be heavy-metal [6-8], 
antiferromagnet [13, 14] or topological insulator [15-17] 
with strong spin-orbit coupling (SOC). A charge current 
passing through the NM layer generates the accumulation of 
spins and thereby exerts a torque (i.e. SOT) to switch the 
magnetization of FM layer. Compared with the STT, the 
current required by the SOT flows through the NM layer 
instead of the tunnel barrier, thus the write endurance of the 
device is enhanced. Furthermore, the SOT can induce 
ultrafast switching (e.g. sub-nanosecond) of perpendicular 
magnetization by eliminating time-consuming precessional 
motion. Such a speed cannot be easily implemented with the 
conventional STT since the STT is triggered by the thermal 
fluctuation.  
However, the sole SOT drives the magnetization to in-
plane direction, thus the magnetization will relax upwards or 
downwards at the equal probability after the SOT is turned 
off. In other words, the switching of perpendicular 
magnetization induced by sole SOT is non-deterministic. 
Generally, an external magnetic field is applied to break the 
structure inverse symmetry so that the SOT-induced 
switching could be deterministic. Unfortunately the use of 
magnetic field is undesirable in the practical products, thus 
alternative solutions need to be discovered. In this context, 
numerous mechanisms of field-free SOT switching of 
perpendicular magnetization has been proposed, including 
breaking the lateral inversion symmetry [18], engineering a 
tilted anisotropy [19], inducing the exchange bias with 
antiferromagnet [13, 14, 20-21], and so on [22-33]. 
Nevertheless, these solutions require either uncommon 
fabrication process or precise control of pulse duration.  
In this work, we propose a novel mechanism for the 
deterministic switching of perpendicular magnetization with 
field-free SOT. The key idea is combining the uniaxial shape 
anisotropy with the orthgonal SOT, by patterning a MTJ into 
elliptical shape and misaligning it with the axis of the heavy 
metal. The proposed mechanism does not require the 
complicated device structure. The perpendicular 
magnetization can be switched to the opposite states 
depending on the current paths, regardless of the current 
directions. The amplitude of the applied current pulse needs 
to be larger than a threshold, but the accurate duration is not 
necessary. The robustness of the proposed switching 
mechanism is validated by investigating the switching 
probability under the thermal fluctuation. The influences of 
damping constant and field-like torque are discussed as well. 
2. Simulation models 
The typical structure of the studied device is illustrated in 
Figure 1(a), where a magnetic tunnel junction (MTJ) is 
deposited above a heavy metal (HM) layer. The MTJ is 
composed of a tunnel barrier (TB) sandwiched between two 
FM layers, which are called free layer (FL) and pinned layer 
(PL), respectively. The FL (PL) has switchable (pinned) 
perpendicular magnetization. The tunneling resistance of the 
MTJ is high (low) if the magnetization of the FL is anti-
parallel (parallel) to that of the PL. The cross section of the 
MTJ is patterned into elliptical shape so that the energy 
landscape can be modified by the demagnetization effect. 
The long-axis of the elliptical cross section is intentionally 
tilted by an angle 𝜙 from y-axis of the heavy metal.  
To deterministically switch the magnetization of the FL in 
Figure 1(a), we propose a novel scheme where a charge 
current could be applied to HM layer along y-axis or x-axis. 
In other words, there are two options for the paths of write 
current. The charge current (𝑰𝑦) along y-axis generates the 
accumulation of x-axis-polarized spins (𝝈1//𝑰𝑦 × 𝒛), which 
induces the SOT driving the magnetization towards x-axis 
direction. Meanwhile the tilted elliptical MTJ plane leads to a 
y-axis component of the shape anisotropy field, which is 
combined with the SOT to contribute the deterministic 
 
Figure 1. (a) Schematic of a typical device studied in this work. Inset: top 
view of the device. (b) Time evolution of z-component magnetization (𝒎𝒛) 
under various initial states, current directions, and current paths. The 
current is applied along x-axis for the green and black curves, or along y-
axis for the red and blue curves. (c)-(d) Trajectories of the magnetization 
when (c) 𝒎𝒛 is switched from -1 to 1 by applying 𝑰𝒚, and (d) 𝒎𝒛 remains at 
-1 by applying 𝑰𝒙 . (e)-(f) Time-dependent micromagnetic configurations 
for (e) 𝒎𝒛 is switched from -1 to 1 by applying 𝑰𝒚, and (f) 𝒎𝒛 remains at -1 
by applying 𝑰𝒙. In (b)-(f), the duration of the applied current pulse is set to 
1 ns. 
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switching of the perpendicular magnetization. To perform the 
opposite switching, the path of the charge current passing the 
heavy metal layer is changed to x-axis (𝑰𝑥). In this case, the 
relationship between the accumulated spins (𝝈2//𝑰𝑥 × 𝒛) and 
the shape anisotropy field is inversed. As a result, the 
magnetization of the FL is switched to the opposite state. 
Therefore, in the proposed scheme the final state of the 
switched magnetization is dependent on the current path, 
which is entirely different from the existing schemes. 
The magnetization dynamics of the FL is mathematically 
described by the following Landau-Lifshitz-Gilbert (LLG) 
equation 
 0 eff DL
FL
J
t t
J
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where 𝛾  is the gyromagnetic ratio, 𝜇0  is the vacuum 
magnetic permeability, 𝛼  is the damping constant, 𝐽  is the 
applied current density, m is the unit vector of the 
magnetization, 𝑯𝑒𝑓𝑓  is the effective field including the 
contribution of uniaxial anisotropy field and demagnetization 
field. The third and fourth terms at the right side are 
damping-like SOT and field-like SOT, respectively. 𝜆𝐷𝐿 and 
𝜆𝐹𝐿  are factors reflecting the magnitudes of damping-like 
SOT and field-like SOT, respectively. ξ =
𝛾ℏΘ𝑆𝐻𝐸 (2𝑒𝑡𝐹𝑀𝑠)⁄  is a device-dependent parameter with ℏ 
the reduced Planck constant and 𝑒 the electron charge. The 
other parameters and their default values are listed in Table I, 
which is consistent with the state-of-the-art technology.  
In the preliminary study, the damping constant is set to an 
adequately large value (𝛼 = 0.2). The tilted angle 𝜙 is set to 
45° for obtaining the symmetry between +𝐳 →– 𝐳 and −𝐳 →
+𝐳  switching events. It is important to mention that the 
proposed mechanism can also work in the case of smaller 
damping constant or 𝜙 ≠ 45°, which will be explained later. 
For clearly analyzing the role of the SOT, we firstly neglect 
the thermal fluctuation and field-like SOT (i.e. 𝜆𝐹𝐿 = 0 ), 
whose contribution will be discussed in the later paragraphs. 
3. Results and discussion 
Figure 1(b) shows typical macrospin simulation results of 
time-dependent z-component magnetization ( 𝑚𝑧 ) under 8 
possible combinations of {initial state ( ±𝑚0 ), current 
direction ( ±𝐼 ), current path ( 𝐼𝑥  or 𝐼𝑦 )}. It is worth 
mentioning that only 4 curves are identified in Figure 1(b), 
because the change of current direction has no effect on the 
time evolution of 𝑚𝑧 (i.e. +𝐼 and −𝐼 correspond to the same 
curve in Figure 1(b)). The fundamental reason is: changing 
the current direction only induces the inversion of the sign of 
spin polarization vectors (+𝛔  or −𝛔 ), but +𝛔  and −𝛔  are 
symmetrical with respect to 𝑚𝑧 . Thus the direction of the 
write current can be fixed if the proposed device is used for 
designing the MRAM, which helps in eliminating the source 
degeneration issue of the access transistor [34, 35]. Another 
two conclusions can be drawn from Figure 1(b). First, the 
final state is only dependent on the current path, in 
agreement with the above theoretical analysis. Second, the 
tilted angle 𝜙 = 45° induces mirror symmetry of spin torque 
between the cases {+𝑚0, 𝐼𝑥} and {−𝑚0, 𝐼𝑦}, therefore the 
red and black curves (or, the green and blue curves) are 
symmetrical with respect to the line 𝑚𝑧 = 0. Figure 1(c)-(d) 
show the typical trajectories of the magnetization dynamics. 
As can be seen, the switching is quickly activated without the 
incubation delay. 
Overall 4 cases need to be considered while discussing the 
magnetization switching:  i) 𝑚𝑧 is switched from  −1 to +1 
by applying 𝐼𝑦; ii) 𝑚𝑧 remains at −1 by applying 𝐼𝑥; iii) 𝑚𝑧 
is switched from  +1 to −1 by applying 𝐼𝑥; iv) 𝑚𝑧 remains at 
+1 by applying 𝐼𝑦 . The magnetization dynamics of case i) or 
ii) is equivalent to that of case iii) or iv) according to the 
above analysis (see Figure 1(b)). Therefore in the following 
we only study the cases i) and ii), unless otherwise stated.  
The above switching mechanism is also validated by 
micromagnetic simulation with OOMMF package, as shown 
in Figure 1(e)-(f). Compared with the macrospin simulation, 
where the magnetization is coherently switched, 
micromagnetic simulation shows multi-domain characteristic 
during the switching process. Despite this difference, the 
deterministic switching is unambiguously validated in both 
simulations. It is worth emphasizing that the required 
switching current density in the micromagnetic model is 
smaller than that in the macrospin model, since in the 
micromagnetic model the switching is activated by the local 
domain nucleation overcoming a lower energy barrier. 
Furthermore, the reported experimental results of the critical 
SOT current density is usually much smaller than the values 
predicted by macrospin or micromagnetic models due to 
various possible factors [8, 36-38]. Thus we argue that the 
switching current density shown in this work promises to be 
significantly reduced in the practical applications. 
To evaluate the robustness of the proposed SOT 
mechanism, we study the switching and non-switching 
probabilities as a function of current density and pulse 
duration by considering the thermal fluctuation. The effect of 
thermal fluctuation is modelled by a Langevin stochastic 
field [39]. The phase diagrams of switching probability for 
TABLE I. Parameters for the simulation. 
Symbol Parameter Default value 
- MTJ area 40 nm × 100 nm × 𝜋 4⁄  
- Magnetic anisotropy 9.5 × 105 𝐽 𝑚3⁄  
𝑀𝑠 Saturation Magnetization 1.2 × 10
6 𝐴 𝑚⁄  
𝑡𝐹 Free layer thickness 1 nm 
Θ𝑆𝐻𝐸 Spin Hall angle 0.3 
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cases i) and non-switching probability for case ii) are shown 
in Figure 2. As can be seen, when the current density and 
pulse duration are both large enough, the switching 
probability (Figure 2(a)) and non-switching probability 
(Figure 2(b)) would be almost 1. Note that in the left region 
of Figure 2(b) the non-switching probability is also 1, which 
is easy to understand since in this region the current is so 
small that the 𝑚𝑧 is slightly affected (i.e. remains at −1 and 
no switching occurs). The minimum pulse duration required 
by robust switching is as short as < 500 ps, which means that 
the effect of the SOT saturates at an ultrafast speed, in 
agreement with Figure 1(b). Once saturation, the 
magnetization fluctuates slightly around a stable position 
(denoted as 𝒎𝑠𝑡𝑎𝑏) if the thermal noise is considered. After 
turning off the current, the magnetization would relax to +𝐳 
or – 𝐳 (final state) under the actions of 𝑯𝑒𝑓𝑓  and damping 
torque. It is found that 𝒎𝑠𝑡𝑎𝑏  is insensitive to the pulse 
duration due to the above-mentioned SOT saturation effect. 
This characteristic leads to a wide operation window of the 
applied current pulse. In comparison, the previously reported 
field-free SOT switching mechanisms require relatively strict 
control of current pulse [25, 31].  
It is also worth noting that a large damping constant 
benefits the robustness of the switching. Figure 3(a) shows 
the switching probability as a function of the current density 
at various damping constants. The robustness of the 
magnetization switching is improved by increasing damping 
constant. This improvement is attributed to the fact that the 
higher damping constant can accelerate the energy 
dissipation and drives the magnetization towards the energy 
minimum (+𝐳 or – 𝐳) more quickly. Furthermore, enhancing 
the damping constant only causes negligible increase in the 
critical switching current density (see Figure 3(b)), as the 
SOT mainly overcomes the anisotropy field rather than the 
damping torque. Therefore increasing damping constant is an 
efficient solution to optimize the proposed switching 
mechanism. Fortunately, in practical experiments a large 
damping constant can be naturally obtained in the HM/FM 
heterostructure due to the spin pumping effect [40-42].  
Next we consider the magnetization dynamics while 𝜙 ≠
45°. In this situation, theoretically, the SOT mirror symmetry 
between the cases {+𝑚0, 𝐼𝑥} and {−𝑚0, 𝐼𝑦} is broken. Thus 
the switching processes for +𝐳 →– 𝐳  and – 𝐳 → +𝐳  are not 
exactly symmetric. The results of 𝜙 = 60° shown in Figure 
4(a) verify the above inference. As can be seen, the – 𝐳 → +𝐳 
switching is more robust than the +𝐳 →– 𝐳  case. In other 
words, the magnetization switching shows a preference for 
+𝐳  direction. Interestingly, as shown in Figure 4(b), the 
+𝐳 →– 𝐳 switching probability can be stabilized at a specific 
value which is insensitive to the pulse duration due to the 
SOT saturation effect. Furthermore, the stable switching 
probability can be tuned by changing the tilted angle 𝜙 . 
These properties will benefit the design of true random 
number generators (TRNGs) with a specified output 
probability [43, 44].  
Figure 4 shows that the +𝐳 →– 𝐳 switching probability is 
lower than 1 while 𝜙 ≠ 45°, which is difficult to be used in 
the binary memory. Nevertheless, this problem could be 
solved by increasing the damping constant, based on the 
theories presented in Figure 3. For instance, while 𝜙 = 50° 
and the damping constant is increased to 0.3, both +𝐳 →– 𝐳 
and – 𝐳 → +𝐳 switching probabilities are up to 1. Thus robust 
bipolar switching can still be achieved with the proposed 
SOT mechanism, even if 𝜙 is deviated from 45°.  
 
Figure 2. Phase diagrams of switching and non-switching probabilities as 
a function of current density and pulse duration. The data are obtained from 
100 trials. The simulation time step is set to 1 ps. (a) Switching probability 
of “from 𝑚𝑧 = −1  to 𝑚𝑧 = +1” while applying the current along the y-
axis; (b) Non-switching probability (𝑚𝑧 remains at −1) while applying the 
current along the x-axis. 
 
Figure 3. (a) Switching probability as a function of current density at 
various damping constants. The pulse duration is set to 0.5 ns. (b) 
Dependence of the critical current density on the damping constant. 
 
Figure 4. (a) Switching probability as a function of current density while 
𝜙 = 60°. The pulse duration is set to 0.5 ns. (b) Switching probability as a 
function of pulse duration at various tilted angles. The current density is set 
to 15 × 1011 A m2⁄ . 
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Finally we study the influence of field-like torque on the 
magnetization switching. Recent works have demonstrated 
that a wide range of the 𝜆𝐹𝐿 𝜆𝐷𝐿⁄  can be obtained [45-47]. 
Overall, the field-like SOT plays the same role as a 
transverse magnetic field along 𝛔 . Therefore the magnetic 
energy landscape can be modified by adjusting the strength 
of field-like SOT. Assume that the damping-like SOT is 
absent, the field-like SOT will induce a precessional motion 
of 𝒎 and stabilize 𝒎 at an equilibrium position determined 
by 𝑯𝑒𝑓𝑓  and 𝝉𝐹𝐿−𝑆𝑂𝑇 . Once a positive damping-like SOT is 
considered (𝜆𝐹𝐿 𝜆𝐷𝐿⁄ > 0), the damping process of 𝒎 will be 
promoted so that the magnetization can be stabilized without 
the precession (see Figure 5(a)). The equilibrium position 
can be very close to ±𝐳 by properly tuning the 𝜆𝐹𝐿 𝜆𝐷𝐿⁄  and 
current density. Therefore the robustness of the 
magnetization switching is expected to be improved, which 
has been validated by simulation results of Figure 5(c). Here 
we set the pulse duration to 1 ns to ensure that the SOT effect 
saturates in all cases. As can be seen, even if the damping 
constant is not strong enough (α = 0.1 in Figure 5(c)), the 
switching probability can be up to 1 in an appropriate range 
of current density by introducing a non-zero field-like torque. 
In contrast, in the absence of field-like torque, the robust 
switching cannot be achieved with a low damping constant 
(see Figure 3(a)). Note that the switching probability starts to 
decrease while the current density becomes much larger, 
because in this case stronger transverse SOT effective field 
drives the magnetization closer to in-plane direction, which 
is an unstable position for the switching of perpendicular 
magnetization.  
For larger 𝜆𝐹𝐿 𝜆𝐷𝐿⁄  (e.g. = 3), strong transverse SOT 
effective field could lead to a little precession of 
magnetization, as shown in the black dashed curve of Figure 
5(a). This precession can be eliminated by decreasing the 
current density, as shown in the green dashed curve of Figure 
5(a). In other words, the switching current density can be 
decreased by enhancing the field-like torque, in agreement 
with results of Figure 5(c). Consider a 80nm-long × 40 nm-
width × 3 nm-thick heavy-metal tungsten, the resistivity is 
around 200 μΩ ∙ cm, the switching current density for 1 ns 
pulse can be decreased to 6 × 1011 A m2⁄  in the case of 
𝜆𝐹𝐿 𝜆𝐷𝐿⁄ = 3. Then the write energy can be as low as 6.9 fJ. 
Furthermore, this energy promises to be decreased with the 
scaling of the device.  
However, for a negative field-like torque (𝜆𝐹𝐿 𝜆𝐷𝐿⁄ < 0), 
the magnetization precession is induced even if 𝜆𝐹𝐿 𝜆𝐷𝐿⁄  is 
very small. The reason is that the damping-like SOT resists 
the damping torque (see Figure 5(b)). We also confirm that 
decreasing the current density cannot eliminate this 
magnetization precession (not shown in Figure 5(b) for 
clarity). Therefore, the robustness of the magnetization 
switching in the case of negative filed-like torque is degraded, 
as shown in Figure 5(d). 
4. Conclusion 
We have proposed a novel scheme, based on which the 
perpendicular magnetization can be deterministically 
switched by the current-induced SOT in the absence of 
magnetic field. The switched final magnetization state is 
dependent on the paths rather than the directions of the 
applied current, which is completely different from the 
existing schemes of magnetization switching. Therefore our 
scheme provides a new freedom for developing novel 
spintronics memories or logic devices. The switching 
probability was investigated by considering the thermal 
fluctuation. It was demonstrated that the robust switching can 
be achieved at a wide operation window of the applied 
current pulse. The precise control of pulse amplitude or pulse 
duration is not required. Furthermore, we found that the 
performance of the magnetization switching can be improved 
by increasing the damping constant or adjusting the field-like 
torque strength. These solutions are practically feasible in the 
SOT devices with HM/FM bilayer structure. 
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